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Quantum systems can exhibit nonlocal behavior, violating Bell’s criteria for local causal models. The tra-
ditional definition of multipartite Bell nonlocality allowed for a contradictory effect whereby local operations
could create nonlocality seemingly from scratch. The inconsistency lied ultimately in that all bilocal hidden-
variable (BHV) models (including those exploiting arbitrary hidden communication) were naively regarded as
incompatible with genuinely multipartite nonlocality. This led to a redefinition of the latter, according to which
the conflicting BHV models are allocated a subtle form of genuinely multipartite nonlocality, which is exposed
– as opposed to created – by the local operations. However, such effect has been neither experimentally con-
firmed nor theoretically explored for other variants of quantum nonlocality, including the celebrated steering
of Schro¨dinger, Einstein, Podolsky, and Rosen. Here we study both Bell nonlocality and steering exposures as
resource-theoretic transformations. We devise protocols that, remarkably, are able to reveal, in seemingly un-
steerable systems, not only subtle steering (exposure), but also Bell nonlocality (super-exposure). Surprisingly,
one of the protocols produces any set of quantum correlations via a local operation on classical ones admitting a
BHV model. To reestablish soundness, we present an operationally consistent redefinition of multipartite steer-
ing. Finally, we implement one of the protocols with three photonic qubits deterministically, providing the first
experimental demonstration of both exposure and super-exposure of quantum nonlocality. Our findings have
fundamental and applied implications for future quantum networks.
Three forms of quantum correlation occur in nature —
entanglement, Bell nonlocality and steering. The distinc-
tion between them is given by the level of trust and con-
trol that one has on the systems involved. Entanglement,
for instance, is naturally formulated in the so-called device-
dependent (DD) scenario [1]. There, one assumes that the
system can be completely characterized by the measurement
apparatus, at least in principle. Bell nonlocality, in contrast,
takes place in the device-independent (DI) description [2].
There, measurement devices are treated as untrusted black
boxes whose actual measurement process is uncharacterized
or ignored, relying only on classical measurement settings
(inputs) and results (outputs). Quantum steering, on the other
hand, is a hybrid type of correlation – intermediate between
entanglement and Bell nonlocality – that arises in semi-DI
settings [3–5]. The latter involve both DD and DI parties,
and an example is shown in Fig. 1 a) for the tripartite case of
two untrusted devices and one trusted one.
For all three types of correlation, the multipartite scenario
is considerably richer than the bipartite one. In particular, it
allows for genuinely multipartite correlations, which cannot
be created by bilocal (i.e. local with respect to any system
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bipartition) operations alone, such as those shown in Figs. 1
b) and c), for example.
Whereas entanglement is a resource for DD applications
in quantum information, Bell nonlocality is the key resource
for DI applications such as DI quantum key distribution [6–
9] and DI certified randomness [10–13], which are typically
much more experimentally demanding than the correspond-
ing DD protocols. Steering is known to be the crucial re-
source for key technological applications in the semi-DI sce-
nario, which are generally less technically difficult than their
DI counterparts, while requiring less assumptions than the
corresponding DD protocols. These include semi-DI entan-
glement certification [4, 5, 14, 15], quantum key distribu-
tion [16, 17], certified-randomness generation [18], quantum
secret sharing [19, 20], as well as other useful protocols in
multipartite quantum networks [21].
These applications, as well as fundamental interest, mo-
tivated the development of a resource theory of steering
[22, 23]. Resource theories constitute formal treatments of
a physical property as a resource, providing a complete tool-
box for its quantification, classification, and operational ma-
nipulation (see, e.g., [24–26]). They have been formulated
for entanglement [1] and Bell nonlocality [27–30], as well as
for other interesting quantum properties [30–35].The corner-
stone of any resource theory is the set of its free operations.
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<latexit sha1_base64="DcxH1t8VfbGREJT8ZMrfQnx14cc =">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8P OvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjr SYdlCtu1V2IrIOXQwVyNQblr/4wZmmE0jBBte55bmL8jCrDmcBZqZ9qTCib0BH2LEoaofazxaIzcmGdIQljZZ80ZOH+nshopPU 0CmxnRM1Yr9bm5n+1XmrCGz/jMkkNSrb8KEwFMTGZX02GXCEzYmqBMsXtroSNqaLM2GxKNgRv9eR1aF9VPcvN60r9No+jCGdwD pfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Y+czx/DX4zl</latexit><latexit sha1_base64="DcxH1t8VfbGREJT8ZMrfQnx14cc =">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8P OvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjr SYdlCtu1V2IrIOXQwVyNQblr/4wZmmE0jBBte55bmL8jCrDmcBZqZ9qTCib0BH2LEoaofazxaIzcmGdIQljZZ80ZOH+nshopPU 0CmxnRM1Yr9bm5n+1XmrCGz/jMkkNSrb8KEwFMTGZX02GXCEzYmqBMsXtroSNqaLM2GxKNgRv9eR1aF9VPcvN60r9No+jCGdwD pfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Y+czx/DX4zl</latexit><latexit sha1_base64="DcxH1t8VfbGREJT8ZMrfQnx14cc =">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8P OvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjr SYdlCtu1V2IrIOXQwVyNQblr/4wZmmE0jBBte55bmL8jCrDmcBZqZ9qTCib0BH2LEoaofazxaIzcmGdIQljZZ80ZOH+nshopPU 0CmxnRM1Yr9bm5n+1XmrCGz/jMkkNSrb8KEwFMTGZX02GXCEzYmqBMsXtroSNqaLM2GxKNgRv9eR1aF9VPcvN60r9No+jCGdwD pfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Y+czx/DX4zl</latexit><latexit sha1_base64="DcxH1t8VfbGREJT8ZMrfQnx14cc =">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8P OvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjr SYdlCtu1V2IrIOXQwVyNQblr/4wZmmE0jBBte55bmL8jCrDmcBZqZ9qTCib0BH2LEoaofazxaIzcmGdIQljZZ80ZOH+nshopPU 0CmxnRM1Yr9bm5n+1XmrCGz/jMkkNSrb8KEwFMTGZX02GXCEzYmqBMsXtroSNqaLM2GxKNgRv9eR1aF9VPcvN60r9No+jCGdwD pfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Y+czx/DX4zl</latexit>
y = a
<latexit sha1_base64="Ro96n7XUCHY02GcGOtAgW6HJZ7Y=">AAAB6ni cbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQiFL14rGhtoQ1ls920SzebsDsRQuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+ntLK6tr5R3qxsbe/s 7lX3Dx5NnGrGWyyWse4E1HApFG+hQMk7ieY0CiRvB+Obab39xLURsXrALOF+RIdKhIJRtNZ9dkX71Zpbd2ciy+AVUINCzX71qzeIWRpxhUxSY7qem6Cf U42CST6p9FLDE8rGdMi7FhWNuPHz2aoTcmKdAQljbZ9CMnN/T+Q0MiaLAtsZURyZxdrU/K/WTTG89HOhkhS5YvOPwlQSjMn0bjIQmjOUmQXKtLC7Ejaim jK06VRsCN7iycvweFb3LN+d1xrXRRxlOIJjOAUPLqABt9CEFjAYwjO8wpsjnRfn3fmYt5acYuYQ/sj5/AEiTo2v</latexit><latexit sha1_base64="Ro96n7XUCHY02GcGOtAgW6HJZ7Y=">AAAB6ni cbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQiFL14rGhtoQ1ls920SzebsDsRQuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+ntLK6tr5R3qxsbe/s 7lX3Dx5NnGrGWyyWse4E1HApFG+hQMk7ieY0CiRvB+Obab39xLURsXrALOF+RIdKhIJRtNZ9dkX71Zpbd2ciy+AVUINCzX71qzeIWRpxhUxSY7qem6Cf U42CST6p9FLDE8rGdMi7FhWNuPHz2aoTcmKdAQljbZ9CMnN/T+Q0MiaLAtsZURyZxdrU/K/WTTG89HOhkhS5YvOPwlQSjMn0bjIQmjOUmQXKtLC7Ejaim jK06VRsCN7iycvweFb3LN+d1xrXRRxlOIJjOAUPLqABt9CEFjAYwjO8wpsjnRfn3fmYt5acYuYQ/sj5/AEiTo2v</latexit><latexit sha1_base64="Ro96n7XUCHY02GcGOtAgW6HJZ7Y=">AAAB6ni cbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQiFL14rGhtoQ1ls920SzebsDsRQuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+ntLK6tr5R3qxsbe/s 7lX3Dx5NnGrGWyyWse4E1HApFG+hQMk7ieY0CiRvB+Obab39xLURsXrALOF+RIdKhIJRtNZ9dkX71Zpbd2ciy+AVUINCzX71qzeIWRpxhUxSY7qem6Cf U42CST6p9FLDE8rGdMi7FhWNuPHz2aoTcmKdAQljbZ9CMnN/T+Q0MiaLAtsZURyZxdrU/K/WTTG89HOhkhS5YvOPwlQSjMn0bjIQmjOUmQXKtLC7Ejaim jK06VRsCN7iycvweFb3LN+d1xrXRRxlOIJjOAUPLqABt9CEFjAYwjO8wpsjnRfn3fmYt5acYuYQ/sj5/AEiTo2v</latexit><latexit sha1_base64="Ro96n7XUCHY02GcGOtAgW6HJZ7Y=">AAAB6ni cbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQiFL14rGhtoQ1ls920SzebsDsRQuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+ntLK6tr5R3qxsbe/s 7lX3Dx5NnGrGWyyWse4E1HApFG+hQMk7ieY0CiRvB+Obab39xLURsXrALOF+RIdKhIJRtNZ9dkX71Zpbd2ciy+AVUINCzX71qzeIWRpxhUxSY7qem6Cf U42CST6p9FLDE8rGdMi7FhWNuPHz2aoTcmKdAQljbZ9CMnN/T+Q0MiaLAtsZURyZxdrU/K/WTTG89HOhkhS5YvOPwlQSjMn0bjIQmjOUmQXKtLC7Ejaim jK06VRsCN7iycvweFb3LN+d1xrXRRxlOIJjOAUPLqABt9CEFjAYwjO8wpsjnRfn3fmYt5acYuYQ/sj5/AEiTo2v</latexit>x
<latexit sha1_base64="IArQpDG4Gw7Ax+5Wri9CZWKD4Bo=">AAAB6H icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1YQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO 7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYn xM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3u xI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A5juM/A==</latexit><latexit sha1_base64="IArQpDG4Gw7Ax+5Wri9CZWKD4Bo=">AAAB6H icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1YQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO 7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYn xM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3u xI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A5juM/A==</latexit><latexit sha1_base64="IArQpDG4Gw7Ax+5Wri9CZWKD4Bo=">AAAB6H icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1YQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO 7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYn xM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3u xI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A5juM/A==</latexit><latexit sha1_base64="IArQpDG4Gw7Ax+5Wri9CZWKD4Bo=">AAAB6H icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1YQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO 7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYn xM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3u xI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A5juM/A==</latexit>
A B
C
a)
x
<latexit sha1_base64="IArQpD G4Gw7Ax+5Wri9CZWKD4Bo=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4t F8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1YQn+BFw+KePUnefPfuG1z0N YXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEq hNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOp X664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaF sTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf /VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2 RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8 +58LFoLTj5zDH/kfP4A5juM/A==</latexit><latexit sha1_base64="IArQpD G4Gw7Ax+5Wri9CZWKD4Bo=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4t F8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1YQn+BFw+KePUnefPfuG1z0N YXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEq hNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOp X664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaF sTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf /VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2 RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8 +58LFoLTj5zDH/kfP4A5juM/A==</latexit><latexit sha1_base64="IArQpD G4Gw7Ax+5Wri9CZWKD4Bo=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4t F8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1YQn+BFw+KePUnefPfuG1z0N YXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEq hNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOp X664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaF sTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf /VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2 RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8 +58LFoLTj5zDH/kfP4A5juM/A==</latexit><latexit sha1_base64="IArQpD G4Gw7Ax+5Wri9CZWKD4Bo=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4t F8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1YQn+BFw+KePUnefPfuG1z0N YXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEq hNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOp X664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaF sTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf /VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2 RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8 +58LFoLTj5zDH/kfP4A5juM/A==</latexit>
b
<latexit sha1_base64="s6L+Z+fhtGywXDdOyCIOKOnOTT A=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLD y8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5E R5KHnFFjrWYwKFfcqrsQWQcvhwrkagzKX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWZQ0Qu1ni0Vn5MI6QxLGyj5 pyML9PZHRSOtpFNjOiJqxXq3Nzf9qvdSEN37GZZIalGz5UZgKYmIyv5oMuUJmxNQCZYrbXQkbU0WZsdmUbAje6snr0L6qe pab15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh85nz/E44zm</latexit><latexit sha1_base64="s6L+Z+fhtGywXDdOyCIOKOnOTT A=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLD y8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5E R5KHnFFjrWYwKFfcqrsQWQcvhwrkagzKX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWZQ0Qu1ni0Vn5MI6QxLGyj5 pyML9PZHRSOtpFNjOiJqxXq3Nzf9qvdSEN37GZZIalGz5UZgKYmIyv5oMuUJmxNQCZYrbXQkbU0WZsdmUbAje6snr0L6qe pab15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh85nz/E44zm</latexit><latexit sha1_base64="s6L+Z+fhtGywXDdOyCIOKOnOTT A=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLD y8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5E R5KHnFFjrWYwKFfcqrsQWQcvhwrkagzKX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWZQ0Qu1ni0Vn5MI6QxLGyj5 pyML9PZHRSOtpFNjOiJqxXq3Nzf9qvdSEN37GZZIalGz5UZgKYmIyv5oMuUJmxNQCZYrbXQkbU0WZsdmUbAje6snr0L6qe pab15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh85nz/E44zm</latexit><latexit sha1_base64="s6L+Z+fhtGywXDdOyCIOKOnOTT A=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLD y8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5E R5KHnFFjrWYwKFfcqrsQWQcvhwrkagzKX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWZQ0Qu1ni0Vn5MI6QxLGyj5 pyML9PZHRSOtpFNjOiJqxXq3Nzf9qvdSEN37GZZIalGz5UZgKYmIyv5oMuUJmxNQCZYrbXQkbU0WZsdmUbAje6snr0L6qe pab15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh85nz/E44zm</latexit>a
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Figure 1. Several hybrid (trusted-untrusted) multipartite scenarios. In the device-dependent (DD) case, measurement devices are well
characterized (trusted), so that a specific quantum state (represented by Bloch spheres) can be attributed to the system. In the device-
independent (DI) case, in contrast, the devices are uncharacterized (untrusted), so that systems are represented by black boxes. Semi-DI
scenarios contain both trusted and untrusted components. There, the joint system is mathematically described by a hybrid object – between
a state and a Bell behavior – called assemblage, and the type of nonlocality they can feature is called steering. In all three panels the
shaded plane illustrates the bipartition of the trusted subsystem versus the untrusted ones. a) An assemblage in the 2DI+1DD scenario:
Alice and Bob rely on a black-box description, whereas Charlie’s system is trusted. All three subsystems are space-like separated. b) Alice
and Bob are no longer space-like separated: she communicates her output to him and he uses this to choose his input. This is an example
of a bilocal wiring (local with respect to the bipartition AB|C). Such operations cannot create any correlations across the bipartition, but
they can expose a subtle form of multipartite quantum nonlocality that otherwise does not violate any Bell or steering inequality across the
bipartition (see text). c) A 4DI+1DD assemblage is mapped onto a 2DI+1DD one by a bilocal wiring [x2 = a3, x3 = x4, and a′1 = a1⊕a2
(sum modulo 2)]. Such wirings can implement non-trivial resource-theoretic transformations, but not enough to enable a multi-black-box
universal steering bit, i.e. an N -partite assemblage from which all bipartite ones, e.g., can be reached (see Appendix F).
These are unable to create the resource: they transform every
resourceless state into a resourceless state.
Interestingly, their study in fully-DI multipartite scenarios
has revealed an operational inconsistency at the very heart of
the theory [27, 36]. A fully DI description is cast in terms
of a Bell behavior, given by a conditional probability distri-
bution of the outputs given the inputs. The inconsistency is
that, in a tripartite DI scenario, bilocal “wirings” [e.g. link-
ing the output of one black box to the input of another such
as in Fig. 1 b), but in the fully DI scenario] can map tripartite
Bell behaviors that are bilocal in the AB|C bipartition into
bipartite Bell behaviors that violate a Bell inequality across
AB|C. Bell locality implies that there exists a local-hidden-
variable (LHV) model, in which correlations are explained
by a (hypothetical) classical common cause (the hidden vari-
able) within the common past light-cone of the measurement
events [37]. Any Bell-inequality violation implies incom-
patibility with LHV models, i.e. Bell nonlocality. The ob-
servation above thus seems contradictory, as local wirings
within AB are free operations of Bell nonlocality in AB|C
and therefore unable to increase Bell-inequality violations.
The problem, however, lied in the definition of Bell nonlo-
cality in multipartite scenarios used previously [38].
According to the traditional definition [38], Bell nonlocal-
ity across a system bipartition is incompatible with any LHV
model with respect to it. This includes so-called “fine-tuned”
models [39] with hidden signaling. These are LHV models
where, for each value of the hidden variable, the subsystems
on each side of the bipartition communicate, but for which
the statistical mixture over all values of the hidden variable
renders the observable correlations non-signaling. The prob-
lem is that the bilocal wiring can conflict with the hidden
communication in such models, giving rise to a causal loop.
For instance, to physically implement the wiring in Fig. 1 b),
Bob must be in the causal future of Alice, which is incon-
sistent with hidden communication from Bob to Alice. This
explains why apparently bilocal behaviors can lead to Bell
violations after a bilocal wiring. A redefinition of multipar-
tite Bell nonlocality was then proposed [27, 36]. This consid-
ers the correlations from conflicting bilocal models already
nonlocal across the bipartition, so that the wiring simply ex-
poses an already-existing subtle form of Bell nonlocality. We
refer to the latter form and effect as subtle Bell nonlocality
and Bell-nonlocality exposure, respectively.
The redefinition fixed the inconsistency, but also opened
several intriguing questions. First, no experimental observa-
tion of Bell-nonlocality exposure has been reported. Second,
even though steering theory is relatively mature [17, 40–43],
little is known about steering exposure. Steering features
in the semi-DI description, where systems are described in
3terms of assemblages, given by quantum states describing
the DD subsystems, weighted by the conditional probabili-
ties describing the DI parties. Operational consistency rela-
tive to steering exposure was considered, in particular, in a
definition of multipartite steering [17], but based on mod-
els where each party is probabilistically either trusted or
untrusted. On the other hand, a definition based on multi-
partite entanglement detection in semi-DI setups with fixed
trusted-versus-untrusted divisions was proposed in Ref. [44].
There, bilocal hidden-variable models (for multipartite as-
semblages) with an explicit quantum realization are consid-
ered, which automatically rules out potentially-conflicting
fined-tuned models. Nevertheless, this has the side-effect
of over-restricting the set of unsteerable assemblages, thus
potentially over-estimating steering. Third, exposure as a
resource-theoretic transformation is yet unexplored territory.
For instance, is it possible to obtain every bipartite assem-
blage via exposure from some multipartite one? What about
Bell behaviors? Moreover, is there a single N -partite assem-
blage from which all bipartite ones are obtained via expo-
sure?
These are the questions we answer. To begin with, we
show that, remarkably, exposure of quantum nonlocality is a
universal effect, in the sense that every bipartite Bell behav-
ior (assemblage) can be the result of Bell-nonlocality (steer-
ing) exposure starting from some tripartite one. This high-
lights the power of exposure as a resource-theoretic trans-
formation. However, we also delimit such power: we prove
a no-go theorem for multi-black-box universal steering bits:
there exists no single N -partite assemblage (with N − 1 un-
trusted and 1 trusted devices) from which all bipartite ones
can be obtained through free operations of steering. Interest-
ingly, in the universal steering exposure protocol, the starting
behavior is not guaranteed to admit a physical realization,
i.e. it may be supra-quantum [45–47]. Therefore, we also
derive an alternative protocol that – albeit not universal – is
manifestly within quantum theory. Moreover, we show that
the output assemblage of such protocol is not only steerable
but also Bell nonlocal (in the sense of producing a nonlocal
behavior upon measurements by Charlie). This is notable
as Bell nonlocality is a stronger form of quantum correlation
than steering. We refer to this effect as super-exposure of Bell
nonlocality. In turn, we provide a redefinition of (both mul-
tipartite and genuinely multipartite) steering to re-establish
operational consistency. Finally, we experimentally demon-
strate exposure as well as super-exposure. This is done using
three degrees of freedom of two entangled photons generated
by spontaneous parametric down conversion, in a determin-
istic protocol.
Steering and the semi-DI setting
Most of our discussion will be based on the semi-DI set-
ting of Fig. 1 a). Such systems are fully described by
a Bell behavior P (AB) := {Pa,b|x,y}a,b,x,y , with Pa,b|x,y
the conditional probability of outputs a, b given inputs
x, y, for Alice and Bob, and an ensemble of conditional
quantum states %a,b|x,y for Charlie. These can be en-
capsulated in a hybrid object known as the assemblage
σ := {σa,b|x,y}a,b,x,y , of sub-normalized conditional states
σa,b|x,y := Pa,b|x,y %a,b|x,y . We assume that σ satis-
fies the no-signaling (NS) principle, by virtue of which
measurement-outcome correlations alone do not allow for
communication. This implies that the statistics observed by
any subset of users should be independent of the input(s) of
the remaining user(s). Mathematically, this condition reads∑
a
σa,b|x,y = σ
(BC)
b|y , ∀ b, x, y, (1a)∑
b
σa,b|x,y = σ
(AC)
a|x , ∀ a, x, y, (1b)∑
a
σ
(AC)
a|x =
∑
b
σ
(BC)
b|y = %
(C), ∀ x, y, (1c)
where σ(AC) := {σ(AC)a|x }a,x and σ(BC) := {σ(BC)b|y }b,y are
respectively the reduced assemblages on the AC and BC
subsystems, and %(C) is the reduced state on C.
Unlike in Bell nonlocality or entanglement, semi-DI sys-
tems have a natural bipartition: the one separating the trusted
devices from the untrusted ones. This is the bipartition with
respect to which we define steering throughout, unless oth-
erwise explicitly stated. According to the standard defini-
tion, σ is unsteerable if it admits a local hidden-state (LHS)
model, namely, if it can be decomposed as
σa,b|x,y =
∑
λ
Pλ Pa,b|x,y,λ %λ . (2)
Otherwise σ is steerable. Here, Pλ is the probability of
the hidden variable Λ taking the value λ, each P (AB)λ :={Pa,b|x,y,λ}a,b,x,y is a λ-dependent behavior, and %λ is the λ-
th hidden state forC (locally correlated withAB only via Λ).
Importantly, that σ is non-signaling does not imply that so is
each P (AB)λ . In fact, LHS models can exploit hidden com-
munication between Alice and Bob as long as actual com-
munication at the observable level (i.e. upon averaging Λ
out) is impossible. This effect is known as fine-tuning [39];
4the standard definition of steering imposes no restriction on
fine-tuned LHS models. This turns out to be critical. Indeed,
we will see that unrestricted hidden signaling is responsible
for a stark conflict with the reasonable expectation that local
operations should not increase inter-party correlations.
Steering exposure and Bell-nonlocality super-exposure
We begin by an exposure protocol for steering and Bell non-
locality that is universal in the sense of being capable of pro-
ducing any bipartite assemblage (behavior) whatsoever from
an appropriate tripartite assemblage (behavior) originally ad-
mitting an LHS (LHV) model. As in Ref. [27], we exploit
bilocal wirings as that of Fig. 1 b), which makes Bob’s in-
put y equal to Alice’s output a. This requires that Bob’s
measurement is in the causal future of Alice’s. Indeed, after
the wiring, systems A and B now behave as a single black
box with input x and output b. In other words, exposure is
a form of conversion from tripartite correlations into bipar-
tite ones. Here, we restrict to the case of binary inputs and
outputs (each one can take only two values) for simplicity,
where we prove the following surprising result.
Universal exposure of quantum nonlocality: Any bipar-
tite assemblage σ(target) or Bell behavior P (target) can be ob-
tained via the wiring y = a on the tripartite assemblage
σ(initial) or behavior P (initial), respectively, of elements
σ
(initial)
a,b|x,y :=
1
2
σ
(target)
b|x⊕a⊕y (3a)
or
P (initial)(a, b, c|x, y, z) = 1
2
P (target)(b, c|x⊕a⊕y, z) , (3b)
where ⊕ stands for addition modulo 2. Moreover, σ(initial)
and P (initial) admit respectively an LHS and an LHV models
across the AB|C bipartition, for all σ(target) and P (target).
That the initial correlations are mapped to the desired tar-
get is self-evident from Eqs. (3). What is certainly not evi-
dent is that the initial correlations are bilocal. This is proven
in Appendix A by construction of explicit LHS and LHV
models. When the target assemblage (behavior) is steerable
(Bell nonlocal), exposure of steering (Bell nonlocality) is
achieved. Furthermore, apart from steerable, assemblages
can also be Bell nonlocal in the sense of giving rise to nonlo-
cal behaviors under local measurements [42]. Hence, when
σ(target) is Bell nonlocal, a seemingly unsteerable system is
mapped onto a Bell nonlocal one, which is outstanding in
view of the fact that unsteerable assemblages form a strict
subset of Bell-local ones.
The protocol highlights the power of bilocal wirings
as resource-theoretic transformations. Remarkably, such
wirings compose a strict subset of well-known classes of free
operations of quantum nonlocality (across AB|C): local op-
erations with classical communication (LOCCs) [1] for en-
tanglement, one-way (1W) LOCCs from the trusted to the
untrusted parts [22] for steering, and local operations with
shared randomness [27–29] for Bell nonlocality. However,
there are also limitations to the power of these wirings. In
particular, in Appendix F we prove a no-go theorem for uni-
versal steering bits in the NDI+1DD scenario [exemplified
in Fig. 1 c) for N = 4]. That is, we show there that there is
no N -partite assemblage, for all N , from which all bipartite
ones can be obtained via arbitrary 1W-LOCCs.
Although the protocol above is universal, it is unclear
whether it can actually be physically implemented in general.
This is due to the fact that the tripartite initial correlations
may be supra-quantum, i.e. well-defined non-signaling cor-
relations that can however not be obtained from local mea-
surements on any quantum state [45–48]. Physical protocols
for Bell-nonlocality exposure were devised in Refs. [27, 36],
but no such protocols have been reported for steering. Hence,
we next derive an alternative protocol for both steering expo-
sure and Bell-nonlocality super-exposure that is manifestly
within quantum theory. This also exploits the bilocal wirings
of Fig. 1 b), but starting from a different initial assemblage.
We describe the latter directly in terms of its quantum re-
alization. Consider a tripartite Greenberg-Horne-Zeilinger
(GHZ) state (|000〉+ |111〉)/√2, with |0〉 and |1〉 the eigen-
vectors of the third Pauli matrixZ. Bob makes von Neumann
measurements on his share of the state for both his inputs,
for y = 0 in the Z + X basis and for y = 1 in the Z − X
basis, with X the first Pauli matrix. Alice, however, makes
either a trivial measurement, given by the positive operator-
valued measure {1/2,1/2}, for x = 0, or a von Neumann
X-basis measurement, for x = 1. For the resulting initial as-
semblage, σ(GHZ), the following holds (see Appendix B for
more details).
Physically-realizable exposure and super-exposure: The
quantum assemblage σ(GHZ), of elements
σ
(GHZ)
a,b|x,y =
1
8
{
1 +
(−1)b√
2
[
Z + x(−1)a+yX]} (4)
admits an LHS model and, under the wiring y = a, is
mapped to the assemblage of elements
σb|x =
1
4
[
1 +
(−1)b√
2
(Z + xX)
]
, (5)
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Figure 2. Pictorial representation of inner structure of the set of
all non-signaling assemblages in the tripartite scenario. The sub-
set of generic local-hidden-state (LHS) assemblages strictly con-
tains the subset TO-LHS of time-ordered LHS ones, which in turn
strictly contains the subset NS-LHS of non-signaling LHS ones
(see Methods for details). The shaded region represents the set of
assemblages with subtle steering. Bilocal wirings can expose such
steering by mapping that region to the set of (bipartite) steerable
assemblages.
which is both steerable and Bell-nonlocal.
These results require a redefinition of steering in the mul-
tipartite scenario, since, analogously to [27], an assemblage
can belong to LHS and still be steerable. A suitable choice
is to restrict all signaling between Alice and Bob also at the
level of each λ in Eq.(2); this defines the set NS-LHS (non-
signaling local hidden states). This restriction, however, can
be consistently relaxed to allow signaling between the two
as long as, for each λ, Alice and Bob’s distribution is com-
patible with both orders (A before B and B before A); this
defines TO-LHS (time-ordered local hidden states), a strict
superset of NS-LHS; see Fig.2 and details in Methods. This
has consequences for genuine multipartite correlations, in-
cluding the possibility of certifying genuine multipartite en-
tanglement in a semi-DI scenario without steering.
Experimental implementation
The exposure procedure was experimentally implemented
using entangled photons produced via spontaneous paramet-
ric down conversion. The experimental setup is shown in
Fig. 3. A photon pair is generated in the Bell state |Φ+〉 =
(|00〉+ |11〉) /√2, where |0〉 (|1〉) stands for horizontal (ver-
tical) polarization of the photons [49]. The photons in the
signal mode (s) pass through a calcite beam displacer (BD),
which creates two momentum modes (paths) depending on
the polarization. This results in a tripartite GHZ state, where
the extra qubit is the path degree of freedom of the photons
in s. Alice’s and Bob’s qubits are the polarization and path
Δ = BD H PBS Q
D1
 
 
BBO
H@45°H@θ
 
&
GHZ preparation
Δ
Alice
Bob
Charlie
D2
D3
i
s PBSA
 0
 1
Figure 3. Experimental setup. Two crossed-axis BBO crystals are
pumped by a He-Cd laser centered at 325 nm, producing pairs of
photons at 650 nm entangled in the polarization degree of freedom
[49]. The signal (s) photon is sent through a BD which deviates
only the horizontal-polarization component, producing a tripartite
GHZ state on two photons using polarization and path degrees of
freedom. Idler (i) photons are sent directly to Charlie’s polarization
measurements. Signal photons are first measured in polarization by
Alice, then Bob maps his path qubit onto a polarization qubit for his
measurements. H stands for half-wave plate, Q for quarter-wave
plate and PBS for polarizing beam splitter.
of the photons in mode s, respectively, while Charlie’s qubit
is the polarization of the photons in mode i. Projective mea-
surements onto all the degrees of freedom required for state
tomography are performed as described below.
To implement the wiring from Fig. 1 b), Alice’s polariza-
tion measurements are realized before Bob’s measurements
onto the path degree of freedom. Alice’s results are read from
the output of PBSA, which determines whether D2 (a = 0) or
D3 (a = 1) clicks. For Alice’s trivial measurement (x = 0),
crucial for the original assemblage to be LHS-decomposable,
both her wave plates located before the imbalanced interfer-
ometer (represented by ∆) are kept at 0◦, and H@θ is ad-
justed to 22.5◦. The role of ∆ is to remove the coherence
between horizontal and vertical polarization components, en-
suring that the photon exits PBSA randomly, independent of
the input polarization state. For x = 1, Alice’s wave plates
are set to project the polarization on the X eigenstates, the
interferometer and H@θ (θ = 0◦) play no role. Bob performs
his projective measurements by first mapping the path de-
grees of freedom onto polarization using BDs and then pro-
jecting the polarization state using his set of wave plates and
PBSs, as was realized in Ref. [50]. To reconstruct the as-
semblage in Eq. (4), measurements for y = 0 and y = 1 are
made in both detectors D2 and D3, varying the angle of the
6wave plates in Bob’s box. To collect the data corresponding
to the wired assemblage (5) only the y = 0 measurement is
made in D2 (a = 0) and only y = 1 is made in D3 (a = 1),
enforcing that Bob’s input equals Alice’s output (y = a).
The assemblage σ(GHZ) was obtained experimentally by
performing state tomography on Charlie’s system for each
measurement setting and outcome of Alice and Bob. Six-
teen density matrices (plotted in Appendix C) are obtained
through maximum likelihood, and the assemblage presents a
fidelity-like measure of 98.2±0.2% compared to the theoret-
ical one (Appendix C). The experimental wired assemblage
is shown in Fig. 4 a), and returns a fidelity of 98.1 ± 0.6%
with respect to the theoretical wired assemblage given in (5).
An exact LHS decomposition of the experimental assem-
blage is not feasible due to imperfections and finite statistics
— in fact, assemblages reproducing raw experimental data
exactly are not even physical, since they disobey the NS prin-
ciple [44]. To show that the experimental tripartite assem-
blage is statistically compatible with an LHS decomposition,
we proceed as follows: First, we assume the photocounts
obtained for each measured projector are averages of Pois-
son distributions; with a Monte Carlo simulation, we sample
many times each of these distributions and reconstruct the
corresponding assemblages. Second, for each reconstructed
assemblage, we find the physical (NS) assemblage that best
approximates it through maximum-likelihood estimation, as
well as the best LHS approximation for comparison. As an
initial indication of LHS-compatibility, the log-likelihood er-
ror of both approximations is extremely similar, see Fig.4c).
Third, for the NS approximations we calculate the LHS-
robustness [51], a measure which is zero for all LHS as-
semblages. For comparison, we repeat the procedure starting
with simulated finite-photocount statistics from the theoreti-
cal LHS assemblage from Eq. (4). In Fig.4d) we see that the
experimental robustness has a sizable zero component and a
distribution fully compatible with that of an LHS assemblage
under finite measurement statistics.
To show that the experimental wired assemblage is steer-
able, we tested it on the optimal steering witness W with
respect to assemblage (5) (see Appendix B). This returned a
value 1.015 ± 0.009 
 1 (theoretical: 1.0721 
 1), where
the inequality violation implies steering, see Fig.4b). This
allows us to conclude that the bipartite wired assemblage is
indeed steerable. The experimental error was calculated us-
ing 500 assemblages also from a Monte Carlo simulation of
measurement results with Poisson photocount statistics.
Using the same experimental setup, we can also experi-
mentally demonstrate super-exposure of Bell nonlocality. As
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Figure 4. a), b) Experimental assemblages after y = a wiring. a)
Real part of Charlie’s conditional density matrices, theoretical (top)
and experimental (bottom). b) Steering-witness histogram. The
witness value is 1.015 ± 0.009, meaning that the experimental as-
semblage is more than one standard deviation above the steering
threshold (dashed line). c), d) Compatibility of the tripartite experi-
mental assemblage with the naive (LHS) definition of unsteerability
[Eq. (2)]. c) Histogram of the error of approximating the tripartite
assemblage by an NS and an LHS assemblage, showing that the er-
ror of assuming the LHS decomposition is as small as that of the
physically necessary NS assumption. d) From the best NS approxi-
mation to the experimental data, histogram of the LHS-robustness,
a measure of deviations from the set LHS. Even with all experi-
mental error, there is only a residual amount of robustness, fully
compatible with that of the theoretical LHS assemblage solely un-
der finite-statistics error. All histograms come from Monte Carlo
simulation assuming Poisson distributions.
7argued above, the initial experimental assemblage is compat-
ible with an LHS model. Therefore, no matter what measure-
ment Charlie makes, the corresponding Bell behavior will
be compatible with an LHV model. Hence, we must only
show that the experimental wired assemblage is Bell non-
local. In Ref. [42], a necessary and sufficient criterion for
Bell nonlocality of assemblages was derived: Given Alice
and Bob’s wired measurements (y = a) with input bit x and
output bit b, to maximally violate a Bell inequality, Charlie
performs von Neumann measurements in the 2Z+X and X
bases, labeled by input bit z, obtaining binary output result c.
They thus obtain sixteen probabilities P (b, c|x, z), which are
used to calculate the Clauser-Horne-Shimony-Holt (CHSH)
inequality [52]. We obtained an experimental violation of
2.21± 0.04 
 2 (theoretical prediction: 2.29 
 2), showing
Bell nonlocality in a DI fashion.
Thus, we have experimentally demonstrated both expo-
sure of steering and super-exposure of Bell nonlocality.
Concluding remarks. We have demonstrated that the tra-
ditional definition of multipartite steering for more than one
untrusted party based on decomposability in terms of generic
bilocal hidden-state models presents inconsistencies with a
widely accepted, basic operational framework for the re-
source. We have also shown how, according to such def-
inition, a broad set of steerable (exposure) and even Bell-
nonlocal (super-exposure) assemblages would be created
seemingly from scratch, e.g. by bilocal wirings acting on
an unsteerable assemblage. A surprising discovery that we
have made is the fact that exposure of quantum nonlocal-
ity is a universal effect, in the sense that all steering assem-
blages as well as Bell behaviors can be obtained as the result
of an exposure protocol starting from bilocal correlations in
a scenario with one more untrusted party. This highlights
the power of exposure as a resource-theoretic transformation.
However, we also delimit such power: we prove a no-go the-
orem for multi-black-box universal steering bits: there exists
no single assemblage with many untrusted and one trusted
party from which all assemblages with one untrusted and
one trusted party can be obtained through generic free op-
erations of steering. To restore operational consistency, we
offer a redefinition of both bipartite steering in multipartite
scenarios and genuinely multipartite steering that does not
leave room for exposure. Finally, both steering exposure
and Bell nonlocality super-exposure have been demonstrated
experimentally using an optical implementation. This is to
our knowledge the first experimental observation of exposure
of quantum nonlocality reported, not only in semi device-
independent scenarios but also in fully device-independent
ones, as originally predicted in [27, 36].
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Methods
Consistently defining steering. The existence of subtle steering
implies a stark inconsistency between the naive definition of steer-
ing from LHS decomposability, Eq. (2), and the formulation of its
resource theory. Since the free operations that cause exposure are
classical and strictly local (fully contained in the AB partition), it
is reasonable that they are unable to create not only steering but
also any form of correlations (even classical ones) across AB|C.
The alternative left is to redefine bipartite steering in multipartite
scenarios such that, e.g., the assemblages in Eqs. (3a) and (4) are
already steerable. Formally, we need to exclude a subclass of LHS
decompositions from the set of unsteerable assemblages.
To identify that subclass, let us apply the wiring y = a to a
general σ fulfilling Eq. (2). This gives σ(wired), of elements
σ
(wired)
b|x :=
∑
a
σa,b|x,a =
∑
λ
Pλ
(∑
a
Pa,b|x,a,λ
)
%λ. (6)
This is a valid LHS decomposition as long as the term within brack-
ets yields a valid (normalized) conditional probability distribution
(of B given X and Λ). This is the case if every P (AB)λ in Eq. (2)
is non-signaling. In that case, by summing over b and applying the
NS condition, one gets∑
a,b
Pa,b|x,a,λ =
∑
a
Pa|x,a,λ
NS
=
∑
a
Pa|x,λ = 1 , (7)
which renders σ(wired) indeed unsteerable. However, this reasoning
can in general not be applied if any P (AB)λ is signaling from Bob to
Alice, i.e. if Alice’s marginal distribution for a depends on y (apart
from x and λ). Therefore, we see that the inconsistency is rooted
at hidden signaling. In fact, at the level of the underlying causal
model, the phenomenon of exposure can be understood as a causal
loop between such signaling and the applied wiring (see Fig. 5).
To restore consistency, hidden signaling must be restricted.
An obvious possibility would be to allow only for non-signaling
P
(AB)
λ ’s in Eq. (2). Interestingly, however, this turns out to be
over-restrictive. Following the redefinition of multipartite Bell non-
locality [27, 36], we propose the following for bipartite steering in
multipartite scenarios.
8x
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Figure 5. Steering exposure as a causal loop. In the causal net-
work underlying LHS models, given by Eq. (2), the hidden variable
λ directly influences Charlie’s quantum state % as well as the Al-
ice and Bob’s outputs a and b, which are in turn also influenced by
the inputs x and y, respectively. Even though the observed assem-
blage (after averaging λ out) is non-signaling, the model can still
exploit hidden communication (i.e. at the level of λ). For instance,
for each λ, Alice’s output may depend (red arrow) on Bob’s input
in a different fine-tuned way such that the dependence vanishes at
the observable level. The wiring of Fig. 1b) forces y = a, clos-
ing a causal loop that will in general conflict with the latter depen-
dence for some λ. As a consequence, the final assemblage resulting
from the wiring may not admit a valid LHS decomposition, expos-
ing steering. Hence, the exposure can in a sense be thought of as
an operational benchmark for hidden signaling in the LHS model
describing the initial assemblage.
Redefinition of steering: An assemblage σ is unsteerable if it ad-
mits time-ordered LHS (TO-LHS) decompositions both from A to
B and from B to A simultaneously, i.e. if
σa,b|x,y =
∑
λ
Pλ P
(A→B)
a,b|x,y,λ %λ (8a)
=
∑
λ
P ′λ P
(B→A)
a,b|x,y,λ %
′
λ , (8b)
where each P (A→B)λ is non-signaling from Bob to Alice and each
P
(B→A)
λ from Alice to Bob. Otherwise σ is steerable.
The validity of both time orderings simultaneously prevents con-
flicting causal loops. More precisely, if a wiring from Alice to Bob
is applied on σ, one uses decomposition (8a) to argue with the
P
(A→B)
λ ’s [as in Eq. (7)] that the wired assemblage is unsteerable.
Analogously, if a wiring from Bob to Alice is performed, one argues
using the P (B→A)λ ’s from decomposition (8b). Hence, no expo-
sure is possible for TO-LHS assemblages, guaranteeing consistency
with bilocal wirings (as well as generic 1W-LOCCs from trusted to
untrusted parts) as free operations of steering. On the other hand,
when all λ-dependent behaviors in Eqs. (8) are fully non-signaling,
then the assemblage is called non-signaling LHS (NS-LHS). There
exists TO-LHS assemblages that are not NS-LHS, which proves
that the latter is a strict subset of the former. In Appendix E, we
provide a quantum and a supra-quantum example of TO-LHS as-
semblages that are not NS-LHS.
In either case, the redefinition above automatically implies also
a redefinition of genuinely multipartite steering (GMS). We present
this explicitly in Appendix D. There, we follow the approach of Ref.
[44] in that a fixed trusted-versus-untrusted partition is kept. How-
ever, instead of defining GMS as incompatibility with quantum-
LHS assemblages (i.e. with λ-dependent behaviors with explicit
quantum realizations) as in [44], we use the more general TO-LHS
ones. This reduces the set of genuinely multipartite steerable as-
semblages safely, i.e. without introducing room for exposure. Inter-
estingly, this enables genuine multipartite entanglement to be certi-
fied in the semi-DI scenario without steering (Appendix D).
Appendix A: Universal exposure of quantum nonlocality
In this section we prove that the wiring produces the desired tar-
gets and that the source assemblage σ(initial) and behavior P (initial)
in Eqs. (3) admit an LHS and an LHV models, respectively, across
the bipartition AB|C.
Proof. It is straightforward to check that applying the wiring y =
a to Eqs. (3a) and (3b) of the main text, the target assemblage
and behavior are obtained, i.e.,
∑
a σ
(initial)
a,b|x,y=a = σ
(target)
b|x and∑
a P
(initial)(a, b, c|x, y = a, z) = P (target)(b, c|x, z).
We construct an explicit LHS model for the source assemblage
σ(initial). It is given by
Pλ =
1
2
Tr
(
σ
(target)
λ0|λ1
)
, %λ =
σ
(target)
λ0|λ1
Tr
(
σ
(target)
λ0|λ1
) , (A1a)
Pa,b|x,y,λ = δλ0,b δλ1,x⊕a⊕y , (A1b)
where λ = (λ0, λ1) is a two-bit hidden variable.
For the Bell behavior, this expression readily lends itself for
a local hidden-variable decomposition of P (initial) on AB|C,
P (initial)(a, b, c|x, y, z) = ∑λ PλPa,b|x,y,λP (c|z;λ) with
Pλ =
1
2
; P (c|z;λ) = P (target)(λ0, c|λ1, z); (A2)
and the same bipartite distribution from Eq. (A1b).
Appendix B: Quantum-realizable exposure of quantum
nonlocality
In this section we prove that the physically-realizable source as-
semblage σ(GHZ) in Eq. (4) admits an LHS model across the bipar-
9tition AB|C, that the resulting wired assemblage is that of Eq. (5),
and that the latter is both steerable and Bell nonlocal.
Proof. The LHS decomposition for Eq. (4) is found via semi-
definite programming (SDP). SDP is a convex optimization proce-
dure for linear objective functions that is particularly useful in the
semi-DI scenario [4]. The numerical results in this case allow one
to find analytic formulas for the decomposition, namely
Pλ =
1
4
; %λ =
1
2
+
(−1)λ0
2
√
2
[
Z + (−1)λ1X
]
; (B1a)
Pa,b|x,y,λ = δλ0,b
1 + x(−1)a+y+λ1
2
, (B1b)
where again λ = (λ0, λ1) is a two-bit hidden variable.
Let us now prove the steerability and Bell-nonlocality of as-
semblage (5). Steerability: with an SDP, we have obtained an
assemblage-like object W = {wa|x}a,x that serves as a steering
witness, i.e. it establishes the inequality
∑
a,x Tr
[
wa|xσa|x
]
6 1,
which can only be violated if assemblage σ = {σa|x}a,x is steer-
able. Optimized for assemblage (5), the witness returns a value of
1.0721 and can be cast as
w0|0 =
[
p −c
−c 1− p
]
, w0|1 =
[
q p/2
p/2 −q
]
, (B2)
with p = 1
2
(1 + 1√
5
), c ≈ 0.1382, q ≈ 0.2236, and w1|x =
Y w0|x Y, x = 0, 1. Bell-nonlocality: The necessary and suffi-
cient criterion from [42] yields an optimal violation of the Clauser-
Horne-Shimony-Holt (CHSH) inequality of |−
√
5+1√
2
| ≈ 2.29 
 2,
attained when Charlie makes von Neumann measurements in the
eigenbases of 2Z +X and X .
Appendix C: Experimental assemblages
In this section we describe the quantum state and the assem-
blages produced in our experiment in more detail. Although we
treat two of the qubits as black boxes, in order to ensure that the
resulting assemblage is coming up from quantum measurements
performed onto a GHZ, we first made a state tomography to deter-
mine the tripartite quantum state. This can be done without adding
any optical element to the setup. By varying the angles on Alice’s
quarter-wave plate and half-wave plate before the imbalanced in-
terferometer, we set her apparatus to make any tomographic mea-
surement in polarization if we set H@θ to 0◦. The tomographic
projections for the path degree of freedom of photons in s and po-
larization of photons in i is done using the set of wave plates just
before detectors D1 and D2, respectively. Using the collected co-
incidence counts we reconstructed the tripartite quantum state by
maximum likelihood. The reconstructed density matrix is shown
on Fig. 6. The experimental state presents fidelity with GHZ state
equals to 0.981± 0.004.
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Figure 6. Real and imaginary parts of the experimental recon-
structed GHZ state.
Each element of the tripartite assemblage is composed of Char-
lie’s conditional quantum state and the conditional probability
Pa,b|x,y for the black boxes. All sixteen experimental Charlie’s
density matrices are shown in Fig. 7 in comparison with the corre-
sponding theoretical ones. The associated conditional probabilities
are also shown.
For the wired assemblage, the expected conditional probability
of each outcome is 1
2
; the experimental values are 0.46 ± 0.01,
0.54±0.01, 0.49±0.01, 0.51±0.01 (following the order in Fig.4a).
The imaginary components of the density matrix average to 0.05±
0.02 (theoretical: zero).
1. Assemblage Fidelity
We can see by visual inspection that the experimental and corre-
sponding theoretical assemblage elements shown in Figs. 4 and 7
are similar. To quantify this similarity we use a mean assemblage
fidelity between two assemblages σ1 = {P1(a|x)%1(a|x)} and
σ2 = {P2(a|x)%2(a|x)} defined by
F (σ1,σ2) =
1
Nx
∑
x,a
√
P1(a|x)P2(a|x)F (%1(a|x), %2(a|x)) , (C1)
where x (a) is a list of inputs (outputs) of all black boxes, Nx is
the number of different measurement choices, and F(%1, %2) is the
usual fidelity between two quantum states. The numerical values
of assemblage fidelity in the main text are calculated with this def-
inition. The above defined fidelity can be seen as a mean of the
fidelities of the quantum parts weighted by the square root of black-
box probabilities. It has the property of being 1 if all elements of
the two assemblages are equal and vanishes if all quantum states
are orthogonal.
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P0,0|0,1=0.220±0.009
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Figure 7. Theoretical and experimental reconstructed assemblages for different values of inputs x, y and outputs a, b. Each box shows
the joint probability of measurement for the black boxes, real (top left) and imaginary (top right) parts of the experimental density matrix
of Charlie’s partition, and real (bottom left) and imaginary (bottom right) parts of theoretical Charlie’s density matrix. The theoretical
probability is 0.25 for all measurement choices and measurement outputs.
Appendix D: Redefinition of genuinely multipartite steering
Although our discussion has focused on steering along a fixed
bipartition, it has a bearing on genuine multipartite steering as well.
This concept hinges on bi-separability over all possible bipartitions,
as used by D. Cavalcanti et al to define genuine multipartite steering
11
in [44]. Interestingly, however, our results can be used to generalize
that definition.
Redefinition of genuinely multipartite steering: An assemblage
σ is genuinely multipartite steerable if it does not admit a decom-
position of the form
σa,b|x,y =
∑
µ
pA|BCµ Pa|x;µ σ
C
b|y(µ) (D1a)
+
∑
ν
pB|ACν Pb|y;ν σ
C
a|x(ν) (D1b)
+
∑
λ
p
AB|C
λ Pa,b|x,y,λ %
C(λ) (D1c)
where the last sum can be any TO-LHS assemblage.
The difference from D. Cavalcanti et al’s definition is that they
consider assemblages obtained from a quantum realization with bi-
separable states. Reproducing Eqs. (4,5,6) of [44], a tripartite state
%ABC is bi-separable when decomposable as
%ABC =
∑
µ
pA|BCµ %
A
µ ⊗%BCµ (D2a)
+
∑
ν
pB|ACν %
B
ν ⊗%ACν (D2b)
+
∑
λ
p
AB|C
λ %
AB
λ ⊗%Cλ . (D2c)
Under local measurements on the A and B partitions, this yields
a 2DI+1DD assemblage of the form (D1) (akin to Eqs. (7,8,9) of
[44]), but with a distribution Pa,b|x,y,λ in Eq. (D1c) necessarily
quantum-realizable (a subset of NS distributions). In other words,
they only allow the sum in Eq. (D1c) to be quantum-realizable NS-
LHS assemblages. Our redefinition, then, reduces the set of gen-
uinely multipartite steerable assemblages.
Morover, we show in Appendix E that there are, in fact,
quantum-realizable assemblages affected by this change. These as-
semblages are decomposable as in Eq. (D1) only with a TO-LHS
(not NS-LHS) term in Eq. (D1c), and hence their quantum real-
ization requires genuinely multipartite entangled states [i.e. not de-
composable as Eq. (D2)]. Interestingly, in this case genuine mul-
tipartite entanglement is certified in the semi-DI scenario without
steering: the need for a TO-LHS term in Eq. (D1c) implies the in-
existence of a bi-separable decomposition (D2) for the underlying
quantum state, and also implies unsteerability.
Appendix E: On the sets of LHS assemblages, TO-LHS
assemblages, and NS-LHS assemblages
We now state a theorem that sustains Fig.2 b), concerning the
inclusion relations between the sets NS-LHS, TO-LHS, and LHS.
Theorem 1. NS-LHS⊂ TO-LHS⊂ LHS, and these relations also
hold strictly if we restrict to quantum-realizable assemblages.
Proof. From the definitions in Eqs. (2,8), it is clear that NS-LHS
⊆ TO-LHS ⊆ LHS. The phenomenon of exposure implies that the
assemblages in Eqs. (3a,4) belong to LHS, but not to TO-LHS, so
the inclusion of one in the other is strict (notice that assemblage (4)
is quantum realizable). To prove that NS-LHS is a strict subset of
TO-LHS, we need an example of a TO-LHS assemblage that does
not belong to NS-LHS.
One way to do so is to follow the reasoning of [27]: take the time-
ordered decomposition of the distribution P from [53] that violates
the guess-your-neighbor’s-input (GYNI) inequality and find the %λ
that best mimic the marginal Pa|x,λ — this effectively amounts to a
one-time program [54]. The resulting TO-LHS assemblage violates
GYNI, hence is not NS-LHS, but it is also supra-quantum, since no
quantum state can violate the GYNI inequality.
To find a quantum-realizable assemblage that belongs to TO-
LHS, but not to NS-LHS, we take inspiration from Bancal et al
[36], who have found Bell behaviors obtainable from noisy W
states with the analogous DI-scenario property (TO-LHV, but not
NS-LHV). A pure W state is given by |W 〉 := (|001〉 + |010〉 +
|100〉)/√3, its noisy version with visibility v, by
ρW = v |W 〉〈W |+ (1− v) 1(ABC)/8 . (E1)
Alice and Bob make von Neumann measurements on the bases
ηX+
√
1− η2Z (x or y = 0) and√1− η2X−ηZ (x or y = 1),
with η ≈ 0.97177, which yields the assemblage
σnoisyWa,b|x,y = v σ
W
a,b|x,y + (1− v) 1C/8 , (E2)
where σWa,b|x,y is given in Table I. These measurements, together
with an appropriate measurement by Charlie, yield in [36] a DI-
inequality violation requiring minimal visibility.
We obtain the optimal NS-LHS witness W = {Wabxy}a,b,x,y
for σnoisyWa,b|x,y for v = 0.58, i.e. W satisfies the property
− 1 ≤
∑
a,b,x,y
Tr[Wabxy σ
NS-LHS
a,b|x,y] ≤ 0 (E3)
for every NS-LHS assemblage σNS-LHS. Its components Wabxy are
given in Table II. This witness is violated by σnoisyWa,b|x,y from v ≈ 0.58
onwards; for v = 0.64, it returns 0.0301.
However, there is a TO-LHS decomposition of σnoisyWa,b|x,y for v =
0.64 (hence for v < 0.64), which, equivalently to Eq. (8), can be
written as
σnoisy Wa,b|x,y =
∑
λ
Dλ(a|x)Dλ(b|x, y)σλ (E4a)
=
∑
λ
Dλ(a|x, y)Dλ(b|y)σλ , (E4b)
where theDλ are deterministic response functions and σλ := pλρλ
are non-normalized states. EachDλ(a|x) is specified by ax, the de-
terministic outcome a conditioned on x; the notation follows analo-
gously forDλ(b|x, y), Dλ(a|x, y), andDλ(b|y) (bxy , axy , and by ,
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a b x y σWa,b|x,y
0 0 0 0 16
[
2η2|0〉〈0|+ (1 +
√
1− η2 − η2/2)|1〉〈1|+ η(1 +
√
1− η2)X
]
0 1 0 0 16
[
2(1− η2)|0〉〈0|+ η2/2|1〉〈1| − η
√
1− η2X
]
1 0 0 0 16
[
2(1− η2)|0〉〈0|+ η2/2|1〉〈1| − η
√
1− η2X
]
1 1 0 0 16
[
2η2|0〉〈0|+ (1−
√
1− η2 − η2/2)|1〉〈1| − η(1−
√
1− η2)X
]
0 0 0 1 112
[
2(1 + 2η
√
1− η2)|0〉〈0|+ (1− η +
√
1− η2 − η
√
1− η2)|1〉〈1|+ (1 + η +
√
1− η2 − 2η2)X
]
0 1 0 1 112
[
2(1− 2η
√
1− η2)|0〉〈0|+ (1 + η +
√
1− η2 + η
√
1− η2)|1〉〈1| − (1− η +
√
1− η2 − 2η2)X
]
1 0 0 1 112
[
2(1− 2η
√
1− η2)|0〉〈0|+ (1− η −
√
1− η2 + η
√
1− η2)|1〉〈1| − (1 + η −
√
1− η2 − 2η2)X
]
1 1 0 1 112
[
2(1 + 2η
√
1− η2)|0〉〈0|+ (1 + η −
√
1− η2 − η
√
1− η2)|1〉〈1|+ (1− η −
√
1− η2 − 2η2)X
]
a b 1 0 σWa,b|1,0 = σ
W
b,a|0,1
0 0 1 1 16
[
2(1− η2)|0〉〈0|+ (1− η − (1− η2)/2)|1〉〈1|+
√
1− η2(1− η)X
]
0 1 1 1 16
[
2η2|0〉〈0|+ (1− η2)/2|1〉〈1|+ η
√
1− η2X
]
1 0 1 1 16
[
2η2|0〉〈0|+ (1− η2)/2|1〉〈1|+ η
√
1− η2X
]
1 1 1 1 16
[
2(1− η2)|0〉〈0|+ (1 + η − (1− η2)/2)|1〉〈1| −
√
1− η2(1 + η)X
]
Table I. Example quantum assemblage to demonstrate strict inclusion of NS-LHS in TO-LHS.
x, y
a, b
00 01 10 11
00
[−0.0056 0.1194
0.1194 −0.1205
] [−0.1394 −0.0603
−0.0603 0.0662
] [−0.1394 −0.0603
−0.0603 0.0662
] [
0.0239 −0.0656
−0.0656 −0.1869
]
01
[
0.0233 −0.0324
−0.0324 −0.1706
] [−0.2194 0.1346
0.1346 −0.0079
] [−0.0560 0.1109
0.1109 0.0114
] [−0.0417 −0.1490
−0.1490 −0.1079
]
10
[
0.0233 −0.0324
−0.0324 −0.1706
] [−0.0560 0.1109
0.1109 0.0114
] [−0.2194 0.1346
0.1346 −0.0079
] [−0.0417 −0.1490
−0.1490 −0.1079
]
11
[−0.0410 −0.0560
−0.0560 0.0863
] [
0.0665 0.0431
0.0431 −0.2194
] [
0.0665 0.0431
0.0431 −0.2194
] [−0.4431 −0.0727
−0.0727 0.0239
]
Table II. Elements of witness Wabxy used to demonstrate strict inclusion of NS-LHS in TO-LHS.
respectively). These are given by
λ a0 a1 b00 b01 b10 b11
0 0 0 0 0 0 0
1 0 0 0 0 0 1
2 0 0 0 0 1 0
3 0 0 0 0 1 1
...
62 1 1 1 1 1 0
63 1 1 1 1 1 1
λ a00 a01 a10 a11 b0 b1
0 0 0 0 0 0 0
1 0 0 0 0 0 1
2 0 0 0 0 1 0
3 0 0 0 0 1 1
...
62 1 1 1 1 1 0
63 1 1 1 1 1 1
,
where in each table, the six columns to the right are the binary ex-
pression of the leftmost column (λ). The states σλ are given in
Table III.
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λ σλ λ σλ λ σλ λ σλ
0
[
0.0045 0.0013
0.0013 0.0009
]
1
[
0.0928 0.0246
0.0246 0.0070
]
2
[
0.0036 0.0011
0.0011 0.0009
]
3
[
0.0244 0.0068
0.0068 0.0024
]
4
[
0.0055 0.0058
0.0058 0.0071
]
5
[
0.0084 0.0071
0.0071 0.0067
]
6
[
0.0066 0.0076
0.0076 0.0098
]
7
[
0.0100 0.0090
0.0090 0.0089
]
8
[
0.0048 −0.0029
−0.0029 0.0025
]
9
[
0.0118 −0.0052
−0.0052 0.0029
]
10
[
0.0040 −0.0026
−0.0026 0.0024
]
11
[
0.0079 −0.0037
−0.0037 0.0024
]
12
[
0.0007 −0.0004
−0.0004 0.0024
]
13
[
0.0008 −0.0002
−0.0002 0.0014
]
14
[
0.0006 −0.0004
−0.0004 0.0029
]
15
[
0.0007 −0.0002
−0.0002 0.0015
]
16
[
0.0219 0.0118
0.0118 0.0064
]
17
[
0.0001 0.0002
0.0002 0.0010
]
18
[
0.0028 −0.0005
−0.0005 0.0001
]
19
[
0.0002 −0.0002
−0.0002 0.0004
]
20
[
0.0612 0.0411
0.0411 0.0277
]
21
[
0.0034 0.0126
0.0126 0.0467
]
22
[
0.0007 −0.0001
−0.0001 0.0001
]
23
[
0.0002 −0.0002
−0.0002 0.0004
]
24
[
0.0007 0.0003
0.0003 0.0002
]
25
[
0.0001 0.0001
0.0001 0.0010
]
26
[
0.0135 −0.0036
−0.0036 0.0010
]
27
[
0.0074 −0.0106
−0.0106 0.0153
]
28
[
0.0006 0.0003
0.0003 0.0003
]
29
[
0.0010 0.0073
0.0073 0.0545
]
30
[
0.0008 −0.0002
−0.0002 0.0001
]
31
[
0.0015 −0.0025
−0.0025 0.0045
]
32
[
0.0020 0.0006
0.0006 0.0016
]
33
[
0.0049 0.0013
0.0013 0.0013
]
34
[
0.0017 0.0006
0.0006 0.0018
]
35
[
0.0038 0.0011
0.0011 0.0014
]
36
[
0.0020 −0.0013
−0.0013 0.0022
]
37
[
0.0031 −0.0012
−0.0012 0.0014
]
38
[
0.0018 −0.0013
−0.0013 0.0024
]
39
[
0.0026 −0.0011
−0.0011 0.0015
]
40
[
0.0037 −0.0000
−0.0000 0.0009
]
41
[
0.0261 0.0009
0.0009 0.0007
]
42
[
0.0029 −0.0000
−0.0000 0.0010
]
43
[
0.0125 0.0005
0.0005 0.0008
]
44
[
0.0069 −0.0040
−0.0040 0.0032
]
45
[
0.0227 −0.0094
−0.0094 0.0045
]
46
[
0.0055 −0.0034
−0.0034 0.0030
]
47
[
0.0140 −0.0060
−0.0060 0.0033
]
48
[
0.0062 0.0036
0.0036 0.0022
]
49
[
0.0011 0.0051
0.0051 0.0258
]
50
[
0.0031 −0.0006
−0.0006 0.0002
]
51
[
0.0007 −0.0011
−0.0011 0.0018
]
52
[
0.0009 0.0005
0.0005 0.0003
]
53
[
0.0001 0.0005
0.0005 0.0034
]
54
[
0.0035 −0.0008
−0.0008 0.0003
]
55
[
0.0193 −0.0303
−0.0303 0.0479
]
56
[
0.0044 0.0023
0.0023 0.0013
]
57
[
0.0002 0.0004
0.0004 0.0024
]
58
[
0.0287 −0.0055
−0.0055 0.0011
]
59
[
0.0008 −0.0011
−0.0011 0.0018
]
60
[
0.0008 0.0004
0.0004 0.0003
]
61
[
0.0001 0.0002
0.0002 0.0015
]
62
[
0.0967 −0.0246
−0.0246 0.0063
]
63
[
0.0206 −0.0300
−0.0300 0.0440
]
Table III. Non-normalized states σλ needed in Eq. (E4) for the TO-LHS decomposition of the assemblage (E2).
Appendix F: No-go theorem for multi-black-box universal
steering bits
In contrast to the protocols exploring the capabilities of wirings
within the AB partition, in this section we present a no-go theorem
limiting their transformation power. Since it is known [22] that in
minimal dimension there is no steering bit — i.e. no “universal”
minimal-dimension assemblage that can be transformed into any
other under 1W-LOCCs — one can ask whether reduction from a
higher number of inputs, outputs or parties allows such a steering
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bit to be established. We answer in the negative even in minimal
dimension.
Theorem 2 (No pure steering bit with higher number of parties).
There does not exist any pure (N − 1)-DI qubit assemblage σbita|x,
where a = {a1, ..., aN−1}, x = {x1, ..., xN−1} (with finite sets of
input and output values), that can be transformed via 1W-LOCCs
into all qubit assemblages of minimal dimension σ(target)a|x .
Proof. The proof is similar in spirit to that of Theorem 5 of [22].
We consider a pure (N − 1)-DI qubit assemblage as a candidate
for higher-dimensional “bit” assemblage. With the more detailed
notation of [22], it reads
σbita|x = PA|X(a|x) |ψ(a,x)〉〈ψ(a,x)| . (F1)
We assume the NS principle only between the DD party and all
others, theN−1 DI parties may signal to each other at will. We will
show that no single choice of σbita|x can be freely transformed into
members of a family of minimal-dimension assemblages σθaf |xf =
1
2
|ψθ(af , xf )〉〈ψθ(af , xf )| for all θ ∈ ]0, pi/2[, where
|ψθ(0, 0)〉 = |0〉 (F2a)
|ψθ(1, 0)〉 = |1〉 (F2b)
|ψθ(0, 1)〉 = cos θ|0〉+ sin θ|1〉 (F2c)
|ψθ(1, 1)〉 = − sin θ|0〉+ cos θ|1〉 . (F2d)
The most general form of a 1W-LOCC applied to σbita|x is
∑
a,x,ω
P θX|Xf ,Ω(x|xf , ω) P θAf |A,X,Ω,Xf (af |a,x, ω, xf ) PA|X(a|x) Kθω|ψ(a,x)〉〈ψ(a,x)|Kθ†ω , (F3)
where Ω is a variable (with values ω) representing information sent by the quantum party to the classical ones, P θX|Xf ,Ω and P
θ
Af |A,X,Ω,Xf
are conditional probability distributions, and Kθω is a Kraus operator [22]; the three may depend on θ. Since this transformed assemblage is
intended to equal the rank-1 assemblage σθaf |xf , we can conclude that ∀ af , xf∑
a,x
P θX|Xf ,Ω(x|xf , ω)P θAf |A,X,Ω,Xf (af |a,x, ω, xf )PA|X(a|x) Kθω|ψ(a,x)〉〈ψ(a,x)|Kθ†ω
∼ |ψθ(af , xf )〉〈ψθ(af , xf )| , (F4)
where ∼ signifies “is either null or proportional to” and we have
used the fact that the relation, valid for the sum in ω, is also valid
for each ω term.
We will assume for now that σbita|x is not a single-state assem-
blage, i.e., there is no state |ψsingle〉 such that |ψ(a,x)〉 = |ψsingle〉
for all a,x (for our purposes throughout this proof, states are equal
if they differ only by an global phase).
We now notice that, due to normalization, ∀ xf , ω, ∃ x˜, a˜, a˜f
such that P θX|Xf ,Ω(x˜|xf , ω) × P θAf |A,X,Ω,Xf (a˜f |a˜, x˜, ω, xf ) ×
PA|X(a˜|x˜) 6= 0. For these values, then,
Kθω|ψ(a˜, x˜)〉 ∼ |ψθ(a˜f , xf )〉 . (F5)
In fact, there must be at least two different values a˜ for each
x˜ for which Eq. (F5) is true, with the corresponding pure states
|ψ(a˜, x˜)〉 being not all equal: if, for some x˜ there is a single a˜
with PA|X(a˜|x˜) 6= 0, then by purity and the NS property between
the DD and DI partitions, σbita|x would be a single-state assemblage;
if for all values a˜, |ψ(a˜, x˜)〉 is the same, it would also be a single-
state assemblage due to NS and purity.
Let us now exclude the possibility of Kθω|ψ(a,x)〉 = 0 with
Kθω 6= 0. If that were the case, Kθω would have a rank-1 sup-
port, hence a rank-1 span: Kθω|ψ(a,x)〉 ∼ |kθω〉 ∀ a,x. From
(F4) and the independence of xf from ω, this would require ei-
ther |ψθ(af , 0)〉 ∝ |kθω〉 ∝ |ψθ(a˜f , 1)〉 [contradiction with Eq.
(F2)] or that, for some value of xf , for the corresponding x˜,
Kθω|ψ(a˜, x˜)〉 = 0 for all a˜ with PA|X(a˜|x˜) 6= 0 [contradiction
with there existing two different states |ψ(a˜, x˜)〉].
Finally, we can conclude from the dependencies of the three
probabilities P θX|Xf ,Ω, P
θ
Af |A,X,Ω,Xf , PA|X on xf , ω,x,a, a˜f ,
that
Kθω|ψ(a˜, x˜)〉 ∝ |ψθ(a˜f , xf )〉 . (F6)
The validity conditions of this equation are as follows: for all
(xf , ω), there exists some value x˜ for which (F6) holds; for each
x˜, there are at least two values a˜ for which (F6) holds; and for each
choice of (xf , ω, x˜, a˜) there is some value a˜f for which (F6) holds.
Moreover, for given x˜, the corresponding |ψ(a˜, x˜)〉 (for varying a˜)
are not all equal.
Let us explore the possible ways of satisfying Eq. (F6) by case
analysis. A first possibility is that, for the two different values xf =
0, 1, the values of x˜ for which (F6) holds intersect at some value
15
x˜int. Then ∃ a˜, a˜f0, a˜f1 such that
Kθω|ψ(a˜, x˜int)〉 ∝ |ψθ(a˜f0, xf = 0)〉 ,
Kθω|ψ(a˜, x˜int)〉 ∝ |ψθ(a˜f1, xf = 1)〉 ,
(F7)
which is incompatible with Eq. (F2). We are then left with the val-
ues x˜ for xf = 0 and xf = 1 being all different. Taking the liberty
to relabel our variables, let us consider a value x˜ = 0 for xf = 0
and a value x˜ = 1 for xf = 1, ignoring the other possible values
of x˜ for which Eq. (F6) holds. Let us call a˜ = 0 and a˜ = 1 the
two values of a˜ for which, given x˜, Eq. (F6) holds. We see that a˜f
could take any value for each a˜. However, if a˜f is the same for the
same (xf , x˜) and two different a˜, e.g.,
Kω|ψ(0,1)〉 ∝ |ψθ(0, 1)〉
Kω|ψ(1,1)〉 ∝ |ψθ(0, 1)〉 ,
(F8)
then Eq. (F6) cannot be satisfied for all xf . This is because
{|ψ(0,1)〉, |ψ(1,1)〉} form a basis of the qubit Hilbert space,
hence Kω has a 1-rank span given by |ψθ(0, 1)〉, which does not
span |ψθ(a˜f , 0)〉 as needed. Hence a˜f is different for each a˜ value.
We can then conclude that, up to relabeling, there must be states
|ψ(a˜, x˜)〉 belonging to σbit which obey
Kω|ψ(0,0)〉 ∝ |ψθ(0, 0)〉 (F9a)
Kω|ψ(1,0)〉 ∝ |ψθ(1, 0)〉 (F9b)
Kω|ψ(0,1)〉 ∝ |ψθ(0, 1)〉 (F9c)
Kω|ψ(1,1)〉 ∝ |ψθ(1, 1)〉 (F9d)
to obtain the family of assemblages {σθ}θ∈]0,pi/2[. We will choose
the following parametrization:
|ψ(a˜, x˜)〉 = cos(ϕa˜,x˜)|0〉+ eiαa˜,x˜ sin(ϕa˜,x˜)|1〉 , (F10)
where ϕa˜,x˜ ∈ [0, pi/2]. It should be noted that (ϕa˜,x˜, αa˜,x˜) may
depend on θ through a˜, x˜: because P θX|Xf ,Ω may depend on θ, the
values a˜, x˜ for which Eq. (F6) holds may vary for different values
of θ. However, for finitely many values of a, x, there are only
finitely many states and finitely many (ϕa,x, αa,x) to pick from,
so some choice of states as in Eq. (F10) must still be able to satisfy
Eq. (F9) for a continuous set of values θ.
Substituting Eqs. (F2) and (F10) in (F9a,F9b), respectively, we
see that
Kθω00
Kθω01
= −eiα10 tanϕ10; K
θ
ω10
Kθω11
= −eiα00 tanϕ00; (F11)
where Kθωij := 〈i|Kθω|j〉. Doing the same in (F9c,F9d) and substi-
tuting (F11), we find, respectively,
Kθω11
Kθω01
= tan θ
tanϕ01e
iα01 − tanϕ10eiα10
tanϕ01eiα01 + tanϕ00eiα00
(F12)
Kθω11
Kθω01
=
−1
tan θ
tanϕ11e
iα11 − tanϕ10eiα10
tanϕ11eiα11 − tanϕ00eiα00 . (F13)
Equating the two, we have
tan2 θ
(
tanϕ01e
iα01 − tanϕ10eiα10
tanϕ01eiα01 + tanϕ00eiα00
)
+
+
(
tanϕ11e
iα11 − tanϕ10eiα10
tanϕ11eiα11 − tanϕ00eiα00
)
= 0 ,
(F14)
which, for fixed ϕa˜,x˜, αa˜,x˜, must hold for a continuous set of val-
ues θ. This is only possible if both parentheses are zero, which
in turn implies (ϕ0,1, α0,1) = (ϕ1,0, α1,0) = (ϕ1,1, α1,1), or
|ψ(0,1)〉 = |ψ(1,0)〉 = |ψ(1,1)〉, contradicting the established
relation |ψ(0,1)〉 6= |ψ(1,1)〉. This concludes the demonstration
for non-single-state assemblages.
Finally, let us show that a single-state assemblage is unable to do
the task. From (F3),
∑
a,x
P θX|Xf ,Ω(x|xf , ω)P θAf |A,X,Ω,Xf (af |a,x, ω, xf )PA|X(a|x)×
×Kθω|ψsingle〉〈ψsingle|Kθ†ω ∼ |ψθ(af , xf )〉〈ψθ(af , xf )| .
(F15)
The sum on the left-hand side is not zero for at least two pairs
(af , xf ), hence Kθω|ψsingle〉 must be proportional to |ψθ(af , xf )〉
for both these pairs. This is incompatible with Eq. (F2), since none
of the |ψθ(af , xf )〉 are proportional to one another.
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